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SUMMARY 
D i f f u s i o n - c o n t r o l l e d  f i l a m e n t - m a t r i x  i n t e r a c t i o n  i n  a metal-matrix com- 
p o s i t e ,  where t h e  f i l a m e n t s  and m a t r i x  comprise  a two-phase a l l o y  sys t em,  h a s  
been ma themat i ca l ly  modeled. The a n a l y s i s  t r ea t s  t h e  problem o f  a d i f f u s i o n -  
c o n t r o l l e d ,  two-phase moving i n t e r f a c e  by means o f  a one-dimensional ,  v a r i a b l e -  
g r i d ,  f i n i t e - d i f f e r e n c e  t e c h n i q u e .  Concen t r a t ion  dependent d i f f u s i o n  c o e f f i -  
c i e n t s  and e q u i l i b r i u m  s o l u b i l i t y  l i m i t s  were u s e d ,  and t h e  change i n  f i l a m e n t  
d i ame te r  and compos i t iona l  changes i n  t h e  m a t r i x  were c a l c u l a t e d  as a f u n c t i o n  
o f  exposure time a t  e l e v a t e d  t e m p e r a t u r e s .  With t h e  t u n g s t e n - n i c k e l  (W-Ni) 
system as a model composi te  sys t em,  u n i d i r e c t i o n a l  compos i t e s  c o n t a i n i n g  from 
0.06 t o  0.44 i n i t i a l  f i l a m e n t  volume f r a c t i o n  were modeled. Composi t ional  
changes i n  t h e  m a t r i x  were c a l c u l a t e d  by s u p e r p o s i t i o n  o f  t h e  c o n t r i b u t i o n s  
from ne ighbor ing  f i l a m e n t s .  A l t e r n a t e  methods f o r  de t e rmin ing  c o m p o s i t i o n a l  
changes between first and second n e a r e s t  ne ighbor  f i l a m e n t s  were a l s o  con- 
s i d e r e d .  The r e s u l t s  show t h e  r e l a t i v e  importance o f  f i l a m e n t  volume f r a c t i o n ,  
f i l a m e n t  d i a m e t e r ,  exposure t e m p e r a t u r e ,  and exposure  time as t h e y  a f fec t  t h e  
ra te  and e x t e n t  o f  f i l a m e n t - m a t r i x  i n t e r a c t i o n .  
I N T R O D U C T I O N  
Exposure o f  a metal-matr ix  composite t o  e l e v a t e d  temperature may produce 
compos i t iona l  and m i c r o s t r u c t u r a l  changes which r e s u l t  i n  t h e  m o d i f i c a t i o n  o f  
composite p r o p e r t i e s .  The e x t e n t  o f  these changes depends on t h e  s e v e r i t y  o f  
t h e  c o n d i t i o n s  under which t h e  composite was exposed ,  t h e  n a t u r e  o f  t h e  compo- 
n e n t s  of t h e  compos i t e ,  and t h e  t y p e  o f  f i l amen t -ma t r ix  i n t e r f a c i a l  r e a c t i o n s  
which o c c u r .  Based on t h e  type  o f  i n t e r f a c i a l  r e a c t i o n s ,  me ta l -ma t r ix  compos i t e s  
can be d i v i d e d  i n t o  systems where t h e  f i l a m e n t s  and m a t r i x  are m u t u a l l y  non- 
r e a c t i v e  and i n s o l u b l e  (c lass  I ) ,  m u t u a l l y  n o n r e a c t i v e  bu t  s o l u b l e  ( c l a s s  11), 
and r e a c t i v e ,  r e s u l t i n g  i n  compound fo rma t ion  (c lass  111). (See r e f .  I . )  Based 
on t h e  s o l u b i l i t y  behav io r  o f  t he  f i l a m e n t s  and m a t r i x ,  c lass  I1 composi tes  ( t h e  
material o f  i n t e r e s t  f o r  t h i s  s t u d y )  can be subd iv ided  i n t o  sys t ems  where 
( a )  t h e  f i l a m e n t  and m a t r i x  e x h i b i t  complete s o l i d  s o l u b i l i t y ,  ( b )  f i l a m e n t s  
and m a t r i x  e x h i b i t  l i m i t e d  s o l i d  s o l u b i l i t y  w i t h  no i n t e r m e d i a t e  p h a s e s ,  and 
( c )  f i l a m e n t s  and m a t r i x  e x h i b i t  l i m i t e d  s o l i d  s o l u b i l i t y  wi th  one o r  more 
i n t e r m e d i a t e  phases .  
Any a t t empt  t o  unde r s t and  t h e  changes i n  t h e  mechanical  p r o p e r t i e s  o f  t h e s e  
classes o f  composi tes  r e s u l t i n g  from exposure  t o  e l e v a t e d  t e m p e r a t u r e  l o g i c a l l y  
beg ins  w i t h  a knowledge o f  t he  chemical  and m i c r o s t r u c t u r a l  changes which have 
o c c u r r e d .  T h e r e f o r e ,  f o r  g i v e n  exposure c o n d i t i o n s ,  a method f o r  c a l c u l a t i n g  
t h e  e x t e n t  o f  i n t e r a c t i o n  between t h e  f i l a m e n t s  and t h e  m a t r i x  i s  n e c e s s a r y .  
An a n a l y t i c a l  t e c h n i q u e  f o r  c a l c u l a t i n g  c o m p o s i t i o n a l  changes i n  c lass  I1 (a)  
composi tes  has been p r e v i o u s l y  developed ( r e f .  2 ) .  The p r e s e n t  s t u d y  r e p o r t s  
t h e  r e s u l t s  o f  research des igned  t o  deve lop  a similar a n a l y s i s  f o r  modeling t he  
c o m p o s i t i o n a l  changes produced by d i f f u s i o n  between t h e  f i l a m e n t s  and m a t r i x  f o r  
a two-phase composi te  system o f  class I I ( b ) .  A f i n i t e - d i f f e r e n c e  a n a l y s i s  
employing a v a r i a b l e - g r i d  t e c h n i q u e  ( ref .  3) was used t o  s o l v e  t h e  a p p r o p r i a t e  
d i f f u s i o n  e q u a t i o n s .  The t e c h n i q u e  was similar t o  t h a t  employed by T a n z i l l i  and 
Heckel f o r  homogenizat ion s t u d i e s  ( refs .  4 and 5 ) .  Two d i f f e r e n t  methods were 
c o n s i d e r e d  f o r  c a l c u l a t i n g  t h e  c o m p o s i t i o n a l  changes i n  t h e  m a t r i x  r e g i o n  between 
f i l a m e n t s .  The a v e r a g e  change i n  f i l a m e n t  volume f r a c t i o n  w i t h  exposure  time 
was c a l c u l a t e d  by t r e a t i n g  t h e  composi te  as a c y l i n d r i c a l  volume element  o f  
e q u i v a l e n t  f i l a m e n t  volume f r a c t i o n .  T h i s  approach  has  t h e  advantage of b e i n g  
independent  o f  f i l a m e n t  arrangement  and a v o i d s  t h e  n e c e s s i t y  o f  a c o s t l y  and 
d i f f i c u l t  two-dimensional s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n s .  
The t u n g s t e n - n i c k e l  ( W - N i )  system was examined as a model c lass  I I ( b )  
two-phase composi te  system. Changes i n  W f i l a m e n t  diameter and c o m p o s i t i o n a l  
changes i n  t h e  N i  m a t r i x  were c a l c u l a t e d  as a f u n c t i o n  o f  exposure time. Ana- 
l y t i c a l  r e s u l t s  i l l u s t r a t i n g  t h e  i n f l u e n c e  o f  i n i t i a l  f i l a m e n t  volume f r a c t i o n  
and i n i t i a l  f i l a m e n t  diameter on change of f i l a m e n t  volume f r a c t i o n  a t  1323 K 
and 1418 K are p r e s e n t e d .  
SYMBOLS 
atomic f r a c t i o n  ‘ B  
i n i t i a l  compos i t ion  o f  8-phase, a tomic  f r a c t i o n  B 
ave rage  compos i t ion  f o r  sample 
i n i t i a l  compos i t ion  o f  a-phase, a tomic  f r a c t i o n  B 
f i n i t e - d i f f e r e n c e  n o t a t i o n  f o r  compos i t ion  a t  s t a t i o n  n and time j 
composi t ion i n  a- and 8-phase r e g i o n s ,  a tomic  f r a c t i o n  B 
composi t ion i n  a-phase and i n  @-phase a t  a8 i n t e r f a c e  e q u a l  t o  
s o l u b i l i t y  l i m i t s  o f  a- and 8-phases,  a tomic  f r a c t i o n  B 
d i f f u s i o n  c o e f f i c i e n t  
maximum d i f f u s i o n  c o e f f i c i e n t  a t  t e m p e r a t u r e  o f  i n t e r e s t  i n  a- o r  
2 $-phases, m / s  
normalized d i f f u s i o n  c o e f f i c i e n t  de t e rmined  by d i v i d i n g  t h e  d i f f u s i o n  
c o e f f i c i e n t  co r re spond ing  t o  compos i t ion  a t  g r i d  s t a t i o n  n by 
maximum d i f f u s i o n  c o e f f i c i e n t  i n  a l l o y  system a t  t empera tu re  o f  
i n t e r e s t  
2 
R 
N 
R 
Rn  
r 
0 
‘f 
r f  
* 
rn 
s o l u b i l i t y  l i m i t  o f  a-phase,  volume f r a c t i o n  B 
s o l u b i l i t y  l i m i t  o f  8-phase,  volume f r a c t i o n  B 
g r i d  p o i n t  a t  a-B i n t e r f a c e  
rad ia l  d i s t a n c e  from c e n t e r  o f  f i l a m e n t  t o  o u t e r  boundary o f  m a t r i x  
phase ,  m 
i n i t i a l  t h i c k n e s s  o f  8-phase,  m 
g r i d  p o i n t  a t  o u t e r  boundary 
r 
normalized r a d i a l  d i s t a n c e  from c e n t e r  o f  f i l a m e n t ,  - 
L/2 
normalized radial  d i s t a n c e  from c e n t e r  o f  f i l a m e n t  t o  f i n i t e -  
d i f f e r e n c e  g r i d  p o i n t  n 
rad ia l  d i s t a n c e  from c e n t e r  o f  f i l a m e n t ,  m 
i n i t i a l  r a d i u s  o f  f i l a m e n t ,  m 
r a d i u s  o f  f i l a m e n t  when e q u i l i b r i u m  has been e s t a b l i s h e d  between 
f i l a m e n t s  and m a t r i x ,  m 
r a d i a l  d i s t a n c e  from c e n t e r  o f  f i l a m e n t  t o  f i n i t e - d i f f e r e n c e  g r i d  
p o i n t  n ,  where n r a n g e s  from 1 a t  c e n t e r  o f  f i l a m e n t  t o  N a t  
o u t e r  boundary i n  a-phase,  m 
T t e m p e r a t u r e ,  K 
t time, s 
i n i t i a l  f i l a m e n t  volume f r a c t i o n  o f  composi te  
f i l a m e n t  volume f r a c t i o n  o f  composi te  when e q u i l i b r i u m  has been 
v; 
v; 
o b t a i n e d  between f i l a m e n t s  and m a t r i x  
6 d i f f e r e n c e  between s o l u b i l i t y  l i m i t s  o f  B- and a-phases ,  a tomic 
‘aB f r a c t i o n  B ,  C e a  - 
512 radial  d i s t a n c e  from c e n t e r  o f  f i l a m e n t  t o  f i l a m e n t - m a t r i x  
i n t e r f a c e ,  m 
5+/2,5-/2 l o c a t i o n  o f  aB i n t e r f a c e  where p o s i t i v e  s u p e r s c r i p t  d e s i g n a t e s  
a s i d e  o f  i n t e r f a c e  and n e g a t i v e  s u p e r s c r i p t  d e s i g n a t e s  B 
s i d e  o f  i n t e r f a c e ,  m 
‘T 
Dmax normalized time, - 
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MATHEMATICAL MODEL 
The mathematical modeling of filament-matrix interaction for a class II(b) 
composite was performed for a unidirectional composite consisting of parallel 
circular filaments embedded in a matrix of differing material. Although this 
method of analysis will work for any arrangement of filaments, a symmetrical 
hexagonal arrangement of filaments was assumed for simplicity. Figure l(a) shows 
a schematic view of the cross section of such a composite specimen. The type of 
compositional changes which occur in a single filament and surrounding matrix 
region as a result of interdiffusion is illustrated in figure l(b). The con- 
centration of B atoms is plotted as a function of distance along a line passing 
through the center of the filament and extending to the edge of the matrix region 
under consideration (r = L/2). 
filament-matrix interface is equal to the difference between the solubility 
limits of the 6- and a-phases (CBa - CaB). 
move from the filament into the surrounding matrix, and A atoms move from the 
matrix into the filament. The filament increases o r  decreases in diameter, 
depending on whether the flux of atoms from the filament is less than or  greater 
than the flux of atoms from the matrix into the filament. 
The discontinuity in concentration at the 
During the diffusion process, B atoms 
A general finite-difference technique was developed to calculate the com- 
positional and dimensional changes which occur in an element like the cylindrical 
volume element consisting of a single filament and concentric matrix shell illus- 
trated in figure l(b). The initial filament volume fraction in this element is 
equal to that of the composite if the outer radius of the matrix sh-ell is equal - -  
to ro/E f where ro f is the initial filament radius and V: is the initial 
,filamen't 'volume fraction of the composite. 
interaction in the composite is assumed to be equal to the amount of interaction 
which occurs in this cylindrical volume element. 
this assumption is discussed in a later section. This paper also shows that one- 
dimensional solutions calculated for different L/2 values can be used to deter- 
mine approximately the compositional variations over the composite cross section. 
The average amount of filament-matrix 
The justification for making 
Diffusion Equations for Two-Phase System 
Diffusion in a solid two-phase system can be described by two partial dif- 
ferential equations (Fick's Second Law) and an interface flux balance equation 
which describes motion of the interface. For cylindrical coordinates, Fick's 
Second Law is given by 
The interface flux balance equation can be expressed as 
4 
where CBa and CaB are t h e  c o n c e n t r a t i o n s  a t  t h e  i n t e r f a c e  i n  t h e  8- and 
a-phases,  5/2 is t h e  p o s i t i o n  of t h e  i n t e r f a c e ,  and and . 
are t h e  c o n c e n t r a t i o n  g r a d i e n t s  a d j a c e n t  t o  t h e  i n t e r f a c e  i n  t h e  
r= 5'/2 
a- and $-phases ,  r e s p e c t i v e l y .  The i n i t i a l  and boundary c o n d i t i o n s  t o  be satis- 
f i e d  are as follows: 
I n i t i a l  c o n d i t i o n s :  
Boundary c o n d i t i o n s :  
c = CBa ( r  = 5'/2; t > 0 )  
c = CaB ( r  = 5+/2; t > 0 )  
a cU - = o  
ar 
where 5-/2 and 5+/2 refer t o  t h e  $ and a s i d e s  o f  t h e  i n t e r f a c e s .  
I n  g e n e r a l ,  t h e  t h i c k n e s s e s  o f  t h e  a- and $-phases change w i t h  d i f f u s i o n  
time. To account  f o r  these  d imens iona l  changes ,  t h e  v a r i a b l e - g r i d  t e c h n i q u e  
developed by Murray and Landis  ( r e f .  3 )  was used .  The number of  s t a t i o n s  i n  
each phase was f i x e d  and t h e  g r i d  s i z e s  A r '  and ArB were changed w i t h  time. 
The d e f i n i t i o n  of these g r i d  s p a c i n g s ,  i n  terms o f  t h e  g r i d  p o i n t  n o t a t i o n  t o  
be used i n  t h e  f o l l o w i n g  mathematical development ,  is  i l l u s t r a t e d  i n  f i g u r e  2 .  
The $-phase was d i v i d e d  i n t o  I - 1 e q u a l l y  s i z e d  space inc remen t s  of  t h i c k -  
n e s s  A P B .  The a-phase was d i v i d e d  i n t o  N - I inc remen t s  of  t h i c k n e s s  A r a .  
With t h i s  t y p e  of g r i d  a r rangement ,  t h e  l o c a t i o n  of any  i n t e r n a l  g r i d  p o i n t  
was a lways  a c o n s t a n t  pe rcen tage  o f  t h e  i n s t a n t a n e o u s  phase t h i c k n e s s .  The 
ra te  of t r a v e l  of any g r i d  p o i n t  n is related t o  t h e  v e l o c i t y  of  t h e  i n t e r -  
face by 
drn rn d ( 5 / 2 )  
d t  5/2 d t  
- = - -  (3) 
5 
The rate o f  change o f  c o n c e n t r a t i o n  a t  any i n t e r n a l  s t a t i o n  can be e x p r e s s e d  
a s  
dCn aCnfdrn\ aCn 
( 4 )  
acn drn  
arn d t  
where -(-) i s  t h e  change i n  c o n c e n t r a t i o n  because  o f  motion of t h e  g r i d  
s t a t i o n  w i t h  r e s p e c t  t o  t h e  end of t h e  d i f f u s i o n  c o u p l e ,  and a C / a t  is the  con- 
t r i b u t i o n  of e q u a t i o n  ( 1 )  ( F i c k ' s  Second L a w ) .  By combining e q u a t i o n s  ( 3 )  
and (41,  an e x p r e s s i o n  f o r  t h e  v a r i a t i o n  of c o n c e n t r a t i o n  w i t h  time a t  a n  i n t e r -  
n a l  s t a t i o n  n i n  t h e  B-phase can be w r i t t e n  as f o l l o w s :  
I n  analogous f a s h i o n ,  t he  change i n  c o n c e n t r a t i o n  w i t h  t i m e  a t  an i n t e r n a l  s ta-  
t i o n  n i n  t h e  a-phase,  r e l a t i v e  t o  t h e  s t a t i o n a r y  a-phase boundary a t  r = L/2, 
is  g i v e n  by 
+ -  dt = \L/2 - 5 / 2 ) 5  dt a t  
These e q u a t i o n s  can be normalized by u s i n g  t h e  change o f  v a r i a b l e s  
r R = -  
L/2 
( 6 )  
where D,, 
t u r e  o f  i n t e r e s t .  By u s i n g  these v a r i a b l e s ,  e q u a t i o n s  (5) and ( 6 )  can be 
r e w r i t t e n  t o  g i v e  
is  t h e  maximum d i f f u s i o n  c o e f f i c i e n t  i n  t h e  system a t  t h e  tempera- 
6 
8-phase : 
and 
a-phase : 
S u b s t i t u t i o n  of t h e  normalized v a r i a b l e s  i n t o  e q u a t i o n s  ( 1 )  and ( 2 )  g i v e s  
( 1 0 )  
CaB * where 8 = CBa - 
( e x p l i c i t  form, second-order  c e n t r a l  d i f f e r e n c e )  l eads  t o  t h e  f o l l o w i n g  expres-  
s i o n s  f o r  t h e  $-phase: 
Combining e q u a t i o n s  ( 7 )  and ( 9 )  and r e w r i t i n g  i n  f i n i t e - d i f f e r e n c e  n o t a t i o n  
j + l  j j j 8 
a 'n + -  'n - 'n Rn d ( S / L )  ',+I - 'n-1 
AT S/L d.r 2 A R  
= - - -  
a T  
where 
( 1 1 )  
Combining e q u a t i o n s  ( 8 )  and ( 9 )  and s i m i l a r l y  r e w r i t i n g  i n  f i n i t e - d i f f e r e n c e  
n o t a t i o n  g i v e s  t h e  f o l l o w i n g  e x p r e s s i o n s  f o r  t h e  a-phase: 
7 
(12) 
where 
The f i n i t e - d i f f e r e n c e  e x p r e s s i o n  ( second-o rde r  forward and r e v e r s e  differ- 
e n c e )  f o r  the  i n t e r f a c e  mass b a l a n c e  e q u a t i o n  ( e q .  ( 1 0 ) )  is  g iven  by 
A t  g r i d  p o i n t  n = 1 ,  co r re spond ing  t o  t h e  c e n t e r  o f  t h e  B f i l a m e n t ,  t h e  
f i n i t e - d i f f e r e n c e  e x p r e s s i o n  o f  e q u a t i o n  ( 7 )  r e d u c e s  t o  
To o b t a i n  t h i s  e x p r e s s i o n ,  a second-order  forward d i f f e r e n c e  was used and t h e  
s i n g u l a r i t y  i n  t h e  d i f f e r e n t i a l  e q u a t i o n  ( e q .  ( 9 ) )  a t  R 0 was t aken  i n t o  
accoun t  ( r e f .  6 ) .  
I n  analogous f a s h i o n ,  e q u a t i o n  ( 8 )  a t  s t a t i o n  n N ,  co r r e spondfng  t o  
o u t e r  boundary a t  R 1 (rN = L / 2 )  (see f i g .  21,  r e d u c e s  t o  
j + l  j 
= 2DN ‘N - ‘N 
A T  
t h e  
15) 
To perform t h e  f i n i t e - d i f f e r e n c e  ‘ c a l c u l a t i o n s ,  t h e  g r i d  s p a c i n g s  m u s t  be 
small enough t o  g i v e  conve rgen t  s o l u t i o n s  o f  acceptable a c c u r a c y .  S i n c e  e x p l i c i t  
f o r m u l a t i o n  was used i n  t h e  development o f  these  e q u a t i o n s ,  t h e  time i n c r e m e n t .  
A T  was selected a c c o r d i n g  t o  t h e  s t a b i l i t y  r equ i r emen t  t h a t  A T  = - ( A R 2 ) .  The 
procedure employed was t o  calculate  A T  u s i n g  e i t h e r  A R a  o r  A R B ,  whichever 
was smaller. For each s o l u t i o n ,  a check f o r  c o n s e r v a t i o n  o f  mass was performed. 
< ’  
4 
8 
I .. 
If t h e r e  was a d e v i a t i o n  o f  2 p e r c e n t  o r  greater i n  c o n s e r v a t i o n ,  t h e  number of 
g r i d  p o i n t s  i n  each phase was i n c r e a s e d  and t h e  s o l u t i o n  was r e c a l c u l a t e d .  
A s  an a d d i t i o n a l  check on s o l u t i o n  a c c u r a c y ,  a t y p i c a l  t es t  case was con- 
s i d e r e d  f o r  which t h e  g r i d  s izes  i n  t h e  f i l a m e n t  and m a t r i x  were v a r i e d  i n  an 
e f f o r t  t o  e s t a b l i s h  t h e  optimum g r i d  s i z e  f o r  which a conve rgen t  s o l u t i o n  o f  
a c c e p t a b l e  accu racy  could be o b t a i n e d .  An a c c u r a t e  s o l u t i o n  was d e f i n e d  as one 
f o r  which t h e  s h i f t  of t h e  f i l a m e n t - m a t r i x  interface,  a t  a g i v e n  time, showed 
less  t h a n  a 2-percent  v a r i a t i o n  as t h e  g r i d  s i z e  approached z e r o  (Ar * 0 ) .  The 
g r i d  s ize  f o r  a l l  c a l c u l a t i o n s  was always t a k e n  t o  be e q u a l  t o  o r  smaller t h a n  
t h e  optimum s i z e  found f o r  t h i s  test case. 
Comparison With Exper imen ta l  Data and Other Methods o f  A n a l y s i s  
Although t h i s  s t u d y  i s  concerned o n l y  w i t h  c y l i n d r i c a l  geometry,  t h e  pro- 
gram developed t o  perform t h e  f i n i t e - d i f f e r e n c e  c a l c u l a t i o n s  was w r i t t e n  t o  work 
f o r  p l a n a r ,  c y l i n d r i c a l ,  o r  s p h e r i c a l  g e o m e t r i e s .  The program was g e n e r a l i z e d  
t o  a l l  g e o m e t r i e s  so t h a t  a comparison could be made w i t h  o t h e r  a n a l y s e s  a v a i l -  
a b l e  i n  t h e  l i t e r a t u r e  which work f o r  p l a n a r  geometry o n l y .  Such a comparison 
was made w i t h  r e s u l t s  c a l c u l a t e d  by a closed-form i t e r a t i v e  s o l u t i o n  t e c h n i q u e ,  
r e p o r t e d  by Unnam ( r e f .  7 ) .  Comparable s o l u t i o n s  were o b t a i n e d  f o r  a wide r ange  
o f  i n p u t  pa rame te r s  f o r  p l a n a r  i n t e r f a c e s  (Unnam's s o l u t i o n  is  v a l i d  o n l y  f o r  
p l a n a r  i n t e r f a c e s ) .  D i f f e r e n t  phase t h i c k n e s s e s  and assumed changes i n  d i f f u s i o n  
c o e f f i c i e n t  w i th  composi t ion i n  each phase were c o n s i d e r e d  t o  y i e l d  i n f o r m a t i o n  
r e g a r d i n g  s o l u t i o n  s t a b i l i t y  and a c c u r a c y .  No s i g n i f i c a n t  d i f f e r e n c e s  were found 
between t h e  r e s u l t s  o b t a i n e d  from t h e  two d i f f e r e n t  s o l u t i o n s .  The i n t e r f a c e  
p o s i t i o n s  c a l c u l a t e d  by t h e  f i n i t e - d i f f e r e n c e  program were always w i t h i n  5 per- 
c e n t  of  t h e  p o s i t i o n s  c a l c u l a t e d  by t h e  i t e r a t i v e  s o l u t i o n .  
C a l c u l a t i o n s  u s i n g  t h e  a n a l y s i s  o f  t h i s  s t u d y  were a l s o  compared w i t h  
e x p e r i m e n t a l l y  determined i n t e r d i f f u s i o n  d a t a  on W - N i  l a m i n a t e s ,  as r e p o r t e d  by 
T a n z i l l i  and Heckel ( r e f .  8 ) .  T a n z i l l i  and Heckel p repa red  m u l t i l a y e r  W - N i  cou- 
p l e s  by d i f f u s i o n  bonding a l t e r n a t e  l a y e r s  o f  pure N i  and pure W .  Samples were 
made wi th  two o v e r a l l  mean c o m p o s i t i o n s ,  C = 0.152,  and = 0.121 a tomic  frac- 
t i o n  W .  These W - N i  c o u p l e s  were exposed a t  1480 K ,  a f t e r  which t h e y  were sec- 
t i o n e d  p e r p e n d i c u l a r  t o  t h e  l a y e r s  and were m e t a l l o g r a p h i c a l l y  p o l i s h e d .  The 
e x t e n t  o f  i n t e r d i f f u s i o n  was determined by measuring t h e  a v e r a g e  t h i c k n e s s  o f  
t h e  W- and Ni - r i ch  l a y e r s  a f t e r  each e x p o s u r e ,  and by e l e c t r o n  microprobe ana ly -  
sis of t h e  p o l i s h e d  c r o s s  s e c t i o n s .  The r e s u l t s  r e p o r t e d  by T a n z i l l i  and Heckel 
are p r e s e n t e d  i n  f i g u r e  3 ,  where t h e  normalized t h i c k n e s s  o f  t h e  P l a y e r  ( / a  
is p l o t t e d  as a f u n c t i o n  o f  d i m e n s i o n l e s s  time D a t / R 2 .  I n  f i g u r e  3 ,  5 is  t h e  
B-phase (W-rich) t h i c k n e s s  a t  time t ,  R i s  t h e  i n i t i a l  t h i c k n e s s  o f  t h i s  
l a y e r ,  and Da is  the  concen t r a t ion - independen t  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  
a-phase ( N i - r i c h ) .  Also p l o t t e d  on t h i s  g raph  are t h e o r e t i c a l  c u r v e s  o b t a i n e d  
from: ( 1 )  a constant-D f i n i t e - d i f f e r e n c e  s o l u t i o n  developed by T a n z i l l i  and 
Heckel ( r e f .  8 ) ;  ( 2 )  t h e  p r e s e n t  va r i ab le -D  f i n i t e - d i f f e r e n c e  a n a l y s i s  run  w i t h  
t h e  p l a n a r  geometry o p t i o n ;  and (3 )  a n  i t e r a t i v e  s o l u t i o n  developed by Unnam 
( r e f .  7 ) .  The same i n i t i a l  and boundary c o n d i t i o n s  were - used i n  a l l  t h r e e  s o l u -  
t i o n s .  T h e o r e t i c a l  c u r v e s  are p l o t t e d  o n l y  f o r  t h e  C 0.152 sample as t h e r e  
was no d i f f e r e n c e  between t h e  c u r v e s  f o r  C = 0.152 o r  0.121 u n t i l  E / &  dropped 
below about  0 . 3 .  Also ,  no e x p e r i m e n t a l  d a t a  p o i n t s  were a v a i l a b l e  below 
- 
- 
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E / &  = 0.3 f o r  t h e  C = 0.121 sample. The i n t e r f a c e  p o s i t i o n s  c a l c u l a t e d  by 
a l l  three s o l u t i o n s  were i n  g e n e r a l  agreement ,  b u t  t h e  c u r v e  o b t a i n e d  from t h e  
va r i ab le -D  f i n i t e - d i f f e r e n c e  a n a l y s i s  used i n  t h i s  s t u d y  gave t h e  b e s t  f i t  t o  
t he  e x p e r i m e n t a l  data p o i n t s .  
Atomic .Weight 
f r a c t i o n  W a t  - f r a c t i o n  W a t  - 
1323 K 1418 K 1323 K 1418 K 
... ._ 
. 
RESULTS AND DISCUSSIONS 
0.991 0.991 0.997 I ,168 1 .166 1 ,385 
~ ~ ._ 
The W - N i  phase diagram r e p o r t e d  by Hansen ( r e f .  9 )  showed o n l y  two phases 
f o r  t h e  t e m p e r a t u r e  r ange  1273 K t o  1873 K .  T h e r e f o r e ,  t h i s  system was selected 
as a model two-phase c lass  I I ( b )  system. D i f f u s i o n  c a l c u l a t i o n s  were carried 
o u t  f o r  exposure a t  1323 K and 1418 K .  The s o l u b i l i t y  l i m i t s  i n  t h e  W-rich and 
Ni-rich phases  a t  these two t e m p e r a t u r e s  are g i v e n  i n  t h e  f o l l o w i n g  tab le  (from 
r e f .  9 ) :  
0.997 
~ .388 
__.___ 
I S o l u b i l i t y  l i m i t  o f  - I 
- - . . 
0.993 
.214 
~- - -  
r. -
Ni-phase, cap 
0.993 
,216 
- - 
T a n z i l l i  and Heckel ( r e f .  8 )  have e x p e r i m e n t a l l y  v e r i f i e d  ( w i t h  p l a n a r  c o u p l e s )  
t h a t  fo r  W-Ni  d i f f u s i o n  c o u p l e s ,  i n t e r f a c e  m i g r a t i o n  is d i f f u s i o n  c o n t r o l l e d ,  
and t h e  i n t e r f a c e  compos i t ion  c l o s e l y  approx ima tes  t h e  e q u i l i b r i u m  compos i t ions  
which are o b t a i n e d  from t h e  W - N i  phase diagram ( r e f .  9 ) .  
I n  the  computer program developed f o r  t h i s  a n a l y s i s ,  t h e  c o n c e n t r a t i o n  was 
expres sed  i n  terms of volume f r a c t i o n  f o r  t he  computa t ions  and was conve r t ed  
back t o  a tomic f r a c t i o n  once the  d e s i r e d  s o l u t i o n  had been o b t a i n e d .  T h i s  con- 
v e r s i o n  was n e c e s s a r y  t o  accoun t  f o r  volume changes which occur  d u r i n g  d i f f u s i o n  
because o f  d i f f e r e n c e s  i n  t h e  mola l  volumes o f  pu re  W and N i .  Guy, DeHoff, and 
Smith ( r e f .  10 )  have shown t h a t  i f  idea l  s o l u t i o n  b e h a v i o r  i s  assumed, t h e  con- 
c e n t r a t i o n  can be d e f i n e d  i n  terms o f  volume f r a c t i o n  w i t h o u t  a l t e r i n g  t h e  form 
o f  F i c k ' s  laws. To check the  v a l i d i t y  o f  assuming idea l  s o l u t i o n  behav io r  f o r  
t h e  Ni-rich r e g i o n  o f  t h e  W - N i  system, a p l o t  o f  t h e  mola l  volume o f  t he  s o l i d  
s o l u t i o n  was made as a f u n c t i o n  o f  compos i t ion .  A n e a r l y  l i n e a r  r e l a t i o n s h i p  
i n d i c a t i n g  approx ima te ly  idea l  s o l u t i o n  b e h a v i o r  e x i s t e d  between these two 
q u a n t i t i e s .  
The i n t e r d i f f u s i o n  c o e f f i c i e n t  data o f  Walsh and Donachie ( r e f .  1 1 )  were 
used f o r  the a l p h a  s o l i d  s o l u t i o n  o f  W i n  N i .  Walsh and Donachie r e p o r t e d  t h a t  
t h e  c o n c e n t r a t i o n  dependence of D i n  t h e  t e m p e r a t u r e  r ange  1273 K t o  1589 K 
could be r e p r e s e n t e d  by 
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where C is t h e  W c o n c e n t r a t i o n  i n  a tomic  f r a c t i o n .  (There i s  a d i s c r e p a n c y  
i n  t h e  r e p o r t  of Walsh and Donachie.  The c o n s t a n t  term i n  t h e  e q u a t i o n  j u s t  
g iven  was r e p o r t e d  as 1.19 i n s t e a d  o f  t h e  c o r r e c t  v a l u e  o f  3 .19.)  For  t h e  W-rich 
B-phase, t he  W s e l f - d i f f u s i o n  data o f  Vas i l ev  and Chernomorchenko ( ref .  12 )  
were used: 
Do = 6 . 3  x IO3 m2/sec 
Q = 135.8 kcal /mol  
These concen t r a t ion -dependen t  d i f f u s i o n  c o e f f i c i e n t s  and t h e  t a b u l a t e d  
e q u i l i b r i u m  s o l u b i l i t y  l i m i t s  were used i n  t h e  f i n i t e - d i f f e r e n c e  a n a l y s i s  pre- 
v i o u s l y  d i s c u s s e d  t o  model i n t e r d i f f u s i o n  i n  t h e  W - N i  sy s t em.  
Composition P r o f i l e s  
.~ Sin-gle f i l a m e n t  p r o f i l e s . -  T y p i c a l  c o n c e n t r a t i o n  p r o f i l e s  f o r  d i f f u s i o n  
between a 50-um-radius W f i l a m e n t  and su r round ing  N i  m a t r i x  a t  1418 K are shown 
i n  f igure 4 .  The atomic f r a c t i o n  o f  W is  p l o t t e d  as a f u n c t i o n  o f  d i s t a n c e  
i n  micrometers  from t h e  c e n t e r  of t h e  W f i l a m e n t .  Curves f o r  exposure  times 
of  10, 100, 200, and 500 h o u r s  are shown. The W - N i  i n t e r f a c e  moves i n t o  t h e  
W f i l a m e n t  w i t h  i n c r e a s i n g  exposure  time because t h e  f l u x  o f  W atoms from t h e  
f i l a m e n t  i n t o  the s u r r o u n d i n g  m a t r i x  is  larger t h a n  t h e  opposi te  f l u x  o f  N i  a toms 
i n t o  t h e  f i l a m e n t .  There i s  a d i f f e r e n c e  i n  mass flow because t h e  ra te  o f  d i f -  
f u s i o n  i n  t h e  Ni - r ich  phase is approx ima te ly  two o r d e r s  o f  magnitude h i g h e r  t h a n  
t h a t  i n  t h e  W-rich phase ;  t h e  s o l u b i l i t y  of W i n  N i  i s  0.168 ( a t o m i c  f r a c t i o n ) ,  
whereas t h e  s o l u b i l i t y  o f  N i  i n  W is  o n l y  0.009 ( a tomic  f r a c t i o n ) .  
Composite p r o f i l e s . -  F i g u r e  5 i l l u s t r a t e s  t h e  composi te  c r o s s  s e c t i o n .  The 
f i l a m e n t s  are -hexagonal ly  a r r a n g e d  on a c r o s s  s e c t i o n  p e r p e n d i c u l a r  t o  t h e  long  
axes  o f  t h e  f i l a m e n t s .  Composi t ional  changes i n  t h e  composi te  caused by i n t e r -  
d i f f u s i o n  a t  e i e v a t e d  t e m p e r a t u r e s  can be characterized by c a l c u l a t i n g  changes 
which occur  w i t h i n  a symmetry c e l l  l i k e  t h e  one i l l u s t r a t e d  i n  t h e  lower p a r t  o f  
f igure  5. The symmetry c e l l  shown was selected because i t  was t h e  s i m p l e s t  cell. 
c o n t a i n i n g  both first and second n e a r e s t  neighbor  f i l a m e n t s .  
The rad ia l  s o l u t i o n  c a l c u l a t e d  by t h e  f i n i t e - d i f f e r e n c e  a n a l y s i s  p r e s e n t e d  
ear l ier  was used t o  de t e rmine  approx ima te ly  t h e  composi t ion a t  any p o i n t  i n  t h e  
composi te  c r o s s  s e c t i o n .  T h i s  was accomplished by  s u p e r p o s i t i o n  o f  t h e  c o n t r i -  
b u t i o n s  from ne ighbor ing  f i l a m e n t s .  A t h ree -d imens iona l  view o f  t h e  t u n g s t e n  
compos i t iona l  v a r i a t i o n  o v e r  t h e  c r o s s  s e c t i o n  of a 0.40 volume f r a c t i o n  
W f i lament-Ni  m a t r i x  compos i t e ,  c a l c u l a t e d  by s u p e r p o s i t i o n ,  is shown i n  f ig- 
ure 6. The composi te  c o n t a i n e d  0.40 volume f r a c t i o n  W f i l a m e n t  and w a s  exposed 
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for 100 h o u r s  a t  1418 K .  The a tomic  f r a c t i o n  W is  p l o t t e d  on t h e  v e r t i c a l  axis 
w i t h  d i s t a n c e  i n  mic romete r s  p l o t t e d  a l o n g  t h e  h o r i z o n t a l  axis .  The l e f t  f r o n t  
face o f  t he  element  shows a c r o s s  s e c t i o n  t h r o u g h  t h e  c e n t e r s  o f  second n e a r e s t  
ne ighbor  f i l a m e n t s  ( E  and C i n  f i g .  5 ) .  The r i g h t  f r o n t  face shows a similar 
c r o s s  s e c t i o n  th rough  t h e  c e n t e r s  o f  first n e a r e s t  ne ighbor  f i l a m e n t s  (C and B 
i n  f i g .  5 ) .  The p r o f i l e  between c e n t e r s  o f  first n e a r e s t  ne ighbor  f i l a m e n t s  
shows a s imple  llU-shapell w i t h  a minimum midway between t h e  f i l a m e n t s .  The pro- 
f i l e  between c e n t e r s  of second n e a r e s t  n e i g h b o r s  has  a small r e l a t i v e  maximum 
i n  the  c e n t e r  w i t h  minima on each s ide .  The c o n c e n t r a t i o n  maximum i s  caused by 
d i f f u s i o n  from t h e  two first n e a r e s t  ne ighbor  f i l a m e n t s  l o c a t e d  on e i the r  s ide 
o f  t h e  maximum. 
F i r s t  n e a r e s t  ne ighbor  p r o f i l e s . -  F i g u r e  5 i l l u s t r a t e s  t h e  symmetry ele- 
ment. 
of t h e  l i n e  c o n n e c t i n g  t h e  c e n t e r s  o f  these f i l a m e n t s  i s  assumed t o  be  a z e r o  
f l u x  l o c a t i o n ,  t h e  compos i t ion  p r o f i l e  from t h e  c e n t e r  o f  f i l a m e n t  A t o  t h e  mid- 
p o i n t  Q can be d i r e c t l y  c a l c u l a t e d  by t h e  f i n i t e - d i f f e r e n c e  t e c h n i q u e  p r e s e n t e d  
ear l ier .  This  c a l c u l a t i o n  is accomplished by l e t t i n g  L/2 e q u a l  AQ,.where L/2 
is  the  l o c a t i o n  i n  t h e  a -phase  N i  m a t r i x ,  and where t h e  z e r o  f l u x  boundary con- 
d i t i o n  is imposed. (See  f i g .  2 . )  The o t h e r  h a l f  o f  t h e  n e a r e s t  ne ighbor  pro- 
f i l e ,  from Q t o  C ,  is o b t a i n e d  by t a k i n g  t h e  m i r r o r  image o f  t h e  p r o f i l e  from A 
t o  Q .  Th i s  method o f  p r o f i l e  c a l c u l a t i o n  is  referred t o  as symmetry p o i n t  
a n a l y s i s .  
F i l amen t s  A and C a r e  first n e a r e s t  ne ighbor  f i l a m e n t s .  I f  t h e  midpoint  
F i g u r e  7 shows a comparison of first n e a r e s t  ne ighbor  p r o f i l e s  c a l c u l a t e d  by 
symmetry p o i n t  a n a l y s i s  and by s u p e r p o s i t i o n .  The a tomic  f r a c t i o n  W is  p l o t t e d  
as a f u n c t i o n  o f  d i s t a n c e  between c e n t e r s  o f  n e a r e s t  ne ighbor  filaments f o r  
composi tes  which i n i t i a l l y  c o n t a i n e d  0.23 and 0 .40  volume f r a c t i o n  W f i l a m e n t s .  
The exposure c o n d i t i o n s  were 500 h o u r s  a t  1418 K .  I n  bo th  compos i t e s ,  t h e  
i n i t i a l  r a d i u s  o f  t h e  W f i l a m e n t s  was 50 pm.  
P r o f i l e s  c a l c u l a t e d  by s u p e r p o s i t i o n  and by symmetry p o i n t  a n a l y s i s  were 
n e a r l y  i d e n t i c a l  f o r  d i f f u s i o n  times up t o  500 h o u r s  f o r  t h e  0.23 volume frac- 
t i o n  composi te .  Good agreement between t h e  r e s u l t s  o f  t h e  two methods was a l s o  
observed f o r  t h e  0 .40  volume f r a c t i o n  composi te  for  s h o r t  times when t h e  e x t e n t  
of i n t e r d i f f u s i o n  was low. However, t h e  500-hour exposure  c o n d i t i o n  r e s u l t e d  i n  
a s i g n i f i c a n t  d i f f e r e n c e  between t h e  two p r o f i l e s .  The symmetry p o i n t  p r o f i l e  
i n d i c a t e s  t h a t  t h e  N i  m a t r i x  was s a t u r a t e d  a t  t he  t h e o r e t i c a l  s o l u b i l i t y  l i m i t  
f o r  1418 K .  The s u p e r p o s i t i o n  p r o f i l e  exceeded t h i s  l i m i t  o v e r  n e a r l y  h a l f  t h e  
m a t r i x  r e g i o n ,  t h e  largest  d i f f e r e n c e  o c c u r r i n g  n e a r  t h e  f i l a m e n t s .  S ince  t h e  
s o l u b i l i t y  l i m i t  o f  t h e  m a t r i x  phase i s  exceeded,  t h e  amount o f  i n t e r f a c e  motion 
must be t o o  large.  Both o f  these e r r o r s  ar ise  because s u p e r p o s i t i o n  does n o t  
c o n s i d e r  any f i l a m e n t - f i l a m e n t  i n t e r a c t i o n .  Symmetry p o i n t  a n a l y s i s ,  however, 
does t a k e  i n t e r a c t i o n  i n t o  accoun t  and shou ld  be used f o r  cases where t h e  m a t r i x  
approaches  s a t u r a t i o n .  S u p e r p o s i t i o n  was a c c u r a t e  f o r  exposure  c o n d i t i o n s  w i t h  
low t o  moderate degrees o f  i n t e r a c t i o n  bu t  was s u b j e c t  t o  i n a c c u r a c y  f o r  condi-  
t i o n s  where s u b s t a n t i a l  p r o f i l e  i n t e r a c t i o n  o c c u r r e d .  
Second n e a r e s t  ne ighbor  p r o f i l e s . -  I f  t h e  f i l a m e n t s  are hexagona l ly  
a r r a n g e d ,  t h e  second n e a r e s t  ne ighbor  f i l a m e n t s  are t h o s e  l o c a t e d  a t  t h e  ends  
o f  the  long  d i a g o n a l  o f  t h e  symmetry c e l l  shown i n  f i g u r e  5. The s i m p l e s t  way 
t o  c a l c u l a t e  c o m p o s i t i o n a l  changes a l o n g  t h e  d i a g o n a l  l i n e  c o n n e c t i n g  second 
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nearest neighbor  f i laments  i s  t o  superimpose t h e  c o n t r i b u t i o n s  of t h e  f i l amen t s  
l o c a t e d  a t  t h e  c o r n e r s  o f  t h e  symmetry element. These four f i l a m e n t s  are t h e  
primary c o n t r i b u t o r s ,  and t h e  p re sence  o f  o t h e r  f i l amen t s  l o c a t e d  f u r t h e r  from 
t h e  body d i a g o n a l  l i n e  was n e g l e c t e d  because t h e i r  c o n t r i b u t i o n s  were expec ted  
t o  be small. 
C o n c e n t r a t i o n  p r o f i l e s  between second n e a r e s t  ne ighbor  f i l a m e n t s ,  calcu- 
l a t e d  by s u p e r p o s i t i o n  f o r  a 0.40 volume f r a c t i o n  compos i t e ,  are shown i n  f i g -  
ure  8 .  Curves f o r  exposure  times o f  I O ,  100, 200, and 500 h o u r s  a t  1418 K are 
p r e s e n t e d .  With i n c r e a s i n g  exposure  time, t h e  W f i l a m e n t  d i a m e t e r  d e c r e a s e s  and 
t h e  c o n c e n t r a t i o n  o f  W i n  t h e  N i  m a t r i x  i n c r e a s e s .  The 100- and 200-hour compo- 
s i t i o n a l  p r o f i l e s  show a small c e n t r a l  maximum i n  t h e  N i  m a t r i x ,  midway between 
t h e  second nearest ne ighbor  f i l amen t s .  A s  no ted  ea r l i e r ,  t h i s  maximum i s  
c l e a r l y  caused by t h e  c o n t r i b u t i o n  o f  f i l a m e n t s  A and C l o c a t e d  a d j a c e n t  t o  t h e  
center s e c t i o n  i n  f i g u r e  5 .  The 500-hour compos i t ion  p r o f i l e  exceeds  t h e  s o l u -  
b i l i t y  l i m i t  o f  W i n  N i  i n  t h e  N i  m a t r i x  a d j a c e n t  t o  t h e  f i l a m e n t s .  The i n t e r -  
a c t i o n  is  t o o  large f o r  a c c u r a t e  r e s u l t s  t o  be o b t a i n e d  by s u p e r p o s i t i o n .  
By us ing  t h e  symmetry found a l o n g  t h e  body d i a g o n a l  l i n e  t o . d e f i n e  bound- 
a r y  c o n d i t i o n s ,  an a l t e r n a t e  method f o r  d e t e r m i n i n g  t h e  c o m p o s i t i o n a l  p r o f i l e s  
between second n e a r e s t  n e i g h b o r s  can be performed. D e f i n i t i o n  o f  t h e  boundary 
c o n d i t i o n s  p e r m i t s  a d i r e c t  f i n i t e - d i f f e r e n c e  c a l c u l a t i o n  o f  t h e  c o m p o s i t i o n a l  
changes over  t h e  end s e c t i o n s  n e a r  t h e  f i l a m e n t s .  The remainder  o f  t h e  p r o f i l e ,  
o v e r  t h e  c e n t e r  s e c t i o n ,  must t h e n  be c a l c u l a t e d  by s u p e r p o s i t i o n  o r  i t  must be 
e s t i m a t e d .  The r a t i o n a l e  f o r  t h i s  approach can b e s t  be understood by a g a i n  
r e f e r r i n g  t o  t h e  hexagonal  symmetry element  shown i n  f i g u r e  5 .  P o i n t s  P and R ,  
l o c a t e d  a t  t h e  c e n t e r s  o f  e q u i l a t e r a l  t r i a n g l e s  ACD and ABC, are z e r o  f l u x  
l o c a t i o n s .  By s e t t i n g  L/2 DP and by u s i n g  t h e  symmetry p o i n t  a n a l y s i s ,  t h e  
c o n c e n t r a t i o n  p r o f i l e  from t h e  c e n t e r s  o f  t h e  f i l a m e n t s  on each e n d ,  B and D ,  
t o  t h e  minima p o i n t s ,  P and R ,  can be c a l c u l a t e d .  The compos i t ion  a t  t h e  c e n t e r ,  
p o i n t  Q ,  can be o b t a i n e d  from t h e  p r o f i l e  ( c a l c u l a t e d  by symmetry p o i n t  a n a l y s i s )  
between first n e a r e s t  ne ighbor  f i l a m e n t s  A and C .  P o i n t  Q h a s  t h e  maximum com- 
p o s i t i o n  found ove r  t h e  c e n t r a l  p o r t i o n  o f  t h e  p r o f i l e  a long  t h e  body d i a g o n a l .  
When t h e  v a l u e s  o f  t h e  compos i t ion  a t  each  o f  t h e  t h r e e  extremum p o i n t s  a l o n g  
l i n e  BD are  known, t h e  approximate shape o f  t h e  composi t ion c o n t o u r  ove r  t h e  
c e n t r a l  r e g i o n  can be e s t i m a t e d  by cu rve  f i t t i n g .  
Concen t r a t ion  p r o f i l e s  between second n e a r e s t  ne ighbor  f i l a m e n t s  f o r  a 
0.40 volume f r a c t i o n  W - N i  composi te  exposed a t  1418 K f o r  t imes o f  I O ,  100, 200, 
and 500 hour s  are shown i n  f i g u r e  9 .  The p a r t s  o f  t h e  p r o f i l e s  shown by s o l i d  
l i n e s  were c a l c u l a t e d  by symmetry p o i n t  a n a l y s i s .  The c e n t r a l  p o r t i o n s  shown 
w i t h  dashed l i n e s  were e s t i m a t e d .  The c i r c l e d  c e n t e r  p o i n t  was o b t a i n e d  from 
first n e a r e s t  ne ighbor  p r o f i l e  s o l u t i o n s  c a l c u l a t e d  f o r  a 0.40 volume f r a c t i o n  
composite exposed t o  t h e  same t e m p e r a t u r e  and t i m e .  The c a l c u l a t e d  p r o f i l e s  
a d j a c e n t  t o  t h e  f i b e r ,  g e n e r a l l y  t h e  r e g i o n s  o f  greatest  i n t e r e s t ,  shou ld  be 
r e a s o n a b l y  a c c u r a t e  even f o r  large d e g r e e s  o f  i n t e r a c t i o n .  The same i s  t r u e  
f o r  t h e  c e n t r a l  maximum p o i n t .  Thus,  a l t h o u g h  t h e  r ema inde r  o f  t h e  p r o f i l e  had 
t o  be e s t i m a t e d ,  t h i s  g e n e r a l  approach should g i v e  r e a s o n a b l y  a c c u r a t e  p r o f i l e s  
even f o r  cases o f  e x t e n s i v e  i n t e r a c t i o n .  
The 200 h o u r ,  1418 K exposure  p r o f i l e s  c a l c u l a t e d  by s u p e r p o s i t i o n  and 
symmetry p o i n t  a n a l y s i s ,  shown p r e v i o u s l y  i n  f i g u r e s  8 and 9 ,  are compared i n  
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f igure 10. The symmetry p o i n t  p r o f i l e  is  lower t h a n  the  s u p e r p o s i t i o n  p r o f i l e  
i n  the  N i  ma t s ix  r e g i o n s  a d j a c e n t  t o  t h e  W f i l a m e n t s  b u t  rises s l i g h t l y  above 
the s u p e r p o s i t i o n  p r o f i l e  i n  t h e  c e n t r a l  r e g i o n .  The s u p e r p o s i t i o n  p r o f i l e  is  
c l e a r l y  t o o  high i n  t h e  m a t r i x  r e g i o n  a d j o i n i n g  the  f i l a m e n t  s i n c e  i t  p r e d i c t s  
an i n t e r f a c e  compos i t ion  higher t h a n  the  t h e o r e t i c a l  s o l u b i l i t y  l i m i t  o f  W 
i n  N i .  For times s h o r t e r  t h a n  200 h o u r s  a t  1418 K ,  t h e  p rof i les  c a l c u l a t e d  by 
the two t e c h n i q u e s  were n e a r l y  i d e n t i c a l .  However, f o r  l o n g e r  times, inaccu-  
racies i n  the s u p e r p o s i t i o n  t e c h n i q u e  r e s u l t  i n  a p r o g r e s s i v e l y  larger d i f fe r -  
ence  between t h e  c u r v e s  c a l c u l a t e d  by the  two methods.  
I n i t i a l  F i l amen t  Volume F r a c t i o n  Effects  
If a composite is  exposed u n t i l  e q u i l i b r i u m  i s  e s t a b l i s h e d  between t h e  * f i l a m e n t s  and m a t r i x ,  the  e q u i l i b r i u m  f i l a m e n t  volume f r a c t i o n  
related t o  the  i n i t i a l  f i l a m e n t  volume f r a c t i o n  Vf  by 
Vf can be  
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where gsa and gas  are t h e  s o l u b i l i t y  l i m i t s  o f  t h e  f i l a m e n t  and m a t r i x  
phases  expres sed  i n  terms o f  volume f r a c t i o n  B a toms.  For a u n i d i r e c t i o n a l  
composi te  c o n t a i n i n g  c y l i n d r i c a l  f i l a m e n t s ,  t h e  r a t i o  o f  t h e  e q u i l i b r i u m  f i l a -  
ment r a d i u s  r t o  t h e  i n i t i a l  f i l a m e n t  r a d i u s  ro i s  g i v e n  by 
f f 
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T h i s  r e l a t i o n s h i p  shows t h a t  i f  t h e  i n i t i a l  f i l a m e n t  volume f r a c t i o n  i s  
less than  t h e  s o l u b i l i t y  l i m i t  o f  t h e  m a t r i x  phase g a s ,  t h e  f i l a m e n t s  d i sap -  
pea r  b e f o r e  e q u i l i b r i u m  is  reached. Th i s  r e l a t i o n s h i p  a l s o  shows t h a t  g is  
a dominant material parameter f o r  t h e  composi te  i n  t h a t  t h e  smaller gaB a?s, 
t h e  smaller the  n e t  r e d u c t i o n  i n  f i l a m e n t  diameter a t  e q u i l i b r i u m .  
T y p i c a l  change i n  c o n c e n t r a t i o n  p r o f i l e s . -  - _ _ _  C o n c e n t r a t i o n  p r o f i l e s  between 
c e n t e r s  o f  t he  first n e a r e s t  neighbor  f i l a m e n t s  f o r  two compos i t e s  c o n t a i n i n g  
i n i t i a l l y  d i f f e r e n t  f i l a m e n t  volume f r a c t i o n s  are shown i n  f i g u r e  11. The expo- 
s u r e  c o n d i t i o n s  were 1418 K f o r  times of I O ,  100, 200, and 500 hour s .  Symmetry 
p o i n t  a n a l y s i s  was used t o  c a l c u l a t e  t h e  r e s u l t i n g  d i f f u s i o n  p r o f i l e s  f o r  com- 
p o s i t e s  which c o n t a i n e d  i n i t i a l  f i l a m e n t  volume f r a c t i o n s  o f  approx ima te ly  0.23 
and 0.40. The effect  o f  f i l a m e n t  volume f r a c t i o n  on t h e  d i s t a n c e  t h a t  t h e  
f i l amen t -ma t r ix  i n t e r f a c e  moved w i t h  exposure  time i s  e v i d e n t . ,  S i n c e  the  f i l a -  
ment spac ing  i n  the  0.40 volume f r a c t i o n  composi te  is  smaller t h a n  i n  t h e  
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0.23 volume f r a c t i o n  compos i t e ,  t h e  N i  m a t r i x  between f i l a m e n t s  s a t u r a t e s  i n  a 
s h o r t e r  time. 
Although 
0 
Vf d e t e r m i n e s  how much each f i l a m e n t  i s  reduced i n  diameter a t  e q u i l i b r i u m ,  t h e  ra te  a t  which a composi te  p roceeds  toward e q u i l i b r i u m  s a t u r a -  
t i o n  is  p r i m a r i l y  determined by t h e  exposure  t e m p e r a t u r e .  F i g u r e  12 shows a 
comparison o f  c a l c u l a t e d  n e a r e s t  ne ighbor  composi t ion p r o f i l e s  f o r  a 0.40 volume 
f r a c t i o n  composite exposed a t  1418 K and 1323 K f o r  200 h o u r s .  Because d i f f u -  
s i o n  is e x p o n e n t i a l l y  dependent  on t e m p e r a t u r e ,  a change o f  o n l y  95 K was s u f f i -  
c i e n t  t o  c a u s e  t h e  W - N i  i n t e r f a c e  t o  move more t h a n  twice as far a t  1418 K as 
a t  1323 K .  
Average .change i n -  f i l a m e n t  volume f r a c t i o n . -  To c a l c u l a t e  t h e  a v e r a g e  f i l a -  
ment volume f r a c t i o n - d e c r e a s e  i n  a u n i d i r e c t i o n a l  composi te  w i t h  exposure  time, 
t h e  composi te  was treated as a c y l i n d r i c a l  volume element  hav ing  t h e  same i n i t i a l  
f i l a m e n t  volume f r a c t i o n  V; as t h a t  o f  t h e  compos i t e .  T h i s  e lement  c o n s i s t s  
of  a f i l a m e n t  surrounded by a c o n c e n t r i c  m a t r i x  s h e l l  w i t h  an o u t e r  diameter o f  
where ro is  t h e  i n i t i a l  f i l a m e n t  r a d i u s ,  and V; i s  t h e  i n i t i a l  f i l a -  
f 
ment volume f r a c t i o n  o f  t he  composi te .  
A t y p i c a l  volume f r a c t i o n  decrease cu rve  ca lcu la ted  f o r  a W - N i  composi te  
exposed a t  1418 K is shown i n  f i g u r e  13. Also shown are c u r v e s  c a l c u l a t e d  by 
l e t t i n g  t h e  l o c a t i o n  o f  t h e  o u t e r  boundary L/2 (see f i g .  1 )  be  e q u a l  t o  d i s -  
t a n c e s  AP and AQ d e f i n e d  i n  t h e  composi te  symmetry element  shown i n  f i g u r e  5 .  
The d i s t a n c e  L/2 r:/E is l a r g e r  t h a n  A Q  bu t  l e s s  t h a n  AP. The c u r v e s  
c a l c u l a t e d  f o r  L/2 = A Q  and AP form upper and lower bounds on t h e  t r u e  volume 
f r a c t i o n  decrease c u r v e .  The composi te  symmetry element  i n  t h e  upper l e f t  of 
f i g u r e  I3 shows t h a t  m a t r i x  c y l i n d e r s  o f  r a d i u s  A Q  c o n c e n t r i c  abou t  each f i l a m e n t  
do n o t  c o n t a i n  t h e  e n t i r e  m a t r i x .  Because t h e  shaded  area between f i l a m e n t s  i s  
no t  i n c l u d e d ,  the  volume f r a c t i o n  decrease cu rve  determined f o r  L / 2  = A Q  l e v e l s  
o f f  above the  t r u e  e q u i l i b r i u m  v a l u e .  Ma t r ix  c y l i n d e r s  o f  r a d i u s  A P ,  c o n c e n t r i c  
about  each f i l a m e n t ,  o v e r l a p  and c o n s e q u e n t l y  c o n t a i n  more t h a n  t h e  a v a i l a b l e  
m a t r i x  volume. T h e r e f o r e ,  t h e  volume f r a c t i o n  decrease c u r v e  f o r  L/2 = AP 
reaches e q u i l i b r i u m  below t h e  t r u e  e q u i l i b r i u m .  If a two-dimensional a n a l y s i s  o f  
d i f f u s i o n  i n  t h e  composi te  were carr ied o u t ,  t h e  volume f r a c t i o n  decrease c u r v e  
c a l c u l a t e d  would be t h e  L/2 = r:/fl cu rve  i n  t h e  i n i t i a l  stages and would go 
to the  same l i m i t i n g  v a l u e .  T h i s  b e h a v i o r  f o l l o w s  because  i n  t h e  i n i t i a l  s tage ,  
on ly  r a d i a l  d i f f u s i o n  from t h e  f i l a m e n t s  o c c u r s ,  and t h e  l i m i t i n g  v a l u e  is  deter- 
mined o n l y  by e q u i l i b r i u m  s o l u b i l i t y  c o n d i t i o n s .  
P l o t t i n g  t h e  movement o f  t h e  f i l amen t -ma t r ix  i n t e r f a c e  and co r re spond ing  
change i n  f i l a m e n t  volume f r a c t i o n  as a f u n c t i o n  o f  exposure  time a t  d i f f e r e n t  
t e m p e r a t u r e s  c la r i f ies  t h e  combined e f fec ts  o f  t e m p e r a t u r e  and 
m a t r i x . i n t e r a c t i o n .  Such p l o t s  f o r  exposure  a t  1323 K and 1418 K are p r e s e n t e d  
i n  f igure 14. Curves are p r e s e n t e d  f o r  composi tes  c o n t a i n i n g  i n i t i a l  f i l a m e n t  
Vo on f i l a m e n t -  
f 
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volume f r a c t i o n s  o f  0.06, 0 .25,  and 0.44. A t  1323 K ,  e s s e n t i a l l y  t h e  same i n t e r -  
face s h i f t  and changes i n  f i l a m e n t  volume f r a c t i o n  were found f o r  compos i t e s  
c o n t a i n i n g  from 0.06 to  0.44 i n i t i a l  f i l a m e n t  volume f r a c t i o n s .  T h i s  s i m i l a r i t y  
i n d i c a t e s  t h a t ,  f o r  these cases, t h e  c o n c e n t r a t i o n  i n  t h e  matrix was n o t  large 
enough t o  affect  the  amount of d i f f u s i o n .  This  c o n d i t i o n  was n o t ,  however, t r u e  
f o r  t h e  1418 K exposure  c o n d i t i o n .  For exposure  times l o n g e r  t h a n  200 h o u r s ,  
t h e  movement o f  t h e  f i l a m e n t - m a t r i x  i n t e r f a c e  was dependent  on t h e  f i l a m e n t  vo l -  
ume f r a c t i o n .  C o n c e n t r a t i o n  b u i l d u p  i n  the m a t r i x  s lows  t h e  d i f f u s i o n  p r o c e s s  
soone r  f o r  high f i l a m e n t  volume f r a c t i o n  compos i t e s  t h a n  f o r  low f i l a m e n t  volume 
f r a c t i o n  compos i t e s .  
I n i t i a l  F i l amen t  Diameter Effects  
I n i t i a l  f i l a m e n t  diameter as w e l l  a s  i n i t i a l  f i l a m e n t  volume f r a c t i o n  and 
exposure t e m p e r a t u r e  affect  t h e  change i n  f i l a m e n t  volume f r a c t i o n  w i t h  exposure  
time. Curves i n  f i g u r e  15 show t h e  change i n  f i l a m e n t  volume f r a c t i o n  w i t h  
exposure  time f o r  compos i t e s  i n i t i a l l y  c o n t a i n i n g  0.44 and 0.25 volume f r a c t i o n  
f i l a m e n t s .  R e s u l t s  are p r e s e n t e d  f o r  i n i t i a l  f i l a m e n t  diameters o f  20 ,  40,  60 ,  
100, and 160 u m .  The smaller t h e  diameter, t h e  larger t h e  number o f  f i l a m e n t s  
pe r  u n i t  c r o s s - s e c t i o n a l  area f o r  a g i v e n  volume f r a c t i o n .  The c u r v e s  show t h a t  
the  smaller t h e  f i l a m e n t  diameter ,  t h e  fas ter  the  r e d u c t i o n  i n  f i l a m e n t  volume 
f r a c t i o n  w i t h  exposure  time. The p r imary  r e a s o n  f o r  t h i s  behav io r  i s  t h a t  dur-  
i n g  t h e  e a r l y  stages o f  i n t e r d i f f u s i o n ,  t h e  f i l a m e n t - m a t r i x  i n t e r f a c e  moves 
approx ima te ly  t he  same d i s t a n c e  independen t  o f  f i l a m e n t  diameter. However, a 
g iven  i n t e r f a c e  s h i f t  produces a much larger p e r c e n t a g e  o f  decrease i n  f i l a m e n t  
volume f r a c t i o n  f o r  a composi te  w i t h  small diameter f i l a m e n t s  t h a n  f o r  a compos- 
i t e  w i t h  larger diameter f i l a m e n t s .  The e q u i l i b r i u m  f i l a m e n t  volume f r a c t i o n  
does no t  depend on f i l a m e n t  s i z e ;  r a the r ,  i t  depends o n l y  on t h e  i n i t i a l  f i l a -  
ment volume f r a c t i o n  of t h e  composi te  and the  s o l u b i l i t y  limits o f  t h e  f i l a m e n t  
and m a t r i x .  The l i m i t i n g  volume f r a c t i o n  i s  reached first f o r  a h i g h  volume 
f r a c t i o n  composi te  c o n t a i n i n g  small f i l a m e n t s .  
, CONCLUDING REMARKS 
I n t e r d i f f u s i o n  hetween f i l a m e n t s  and m a t r i x  i n  a two-phase metal-matr ix  
composi te  system w i t h  l i m i t e d  s o l i d  s o l u b i l i t y  and no i n t e r m e d i a t e  phases  was 
a n a l y z e d .  The t u n g s t e n - n i c k e l  ( W - N i )  system (W f i l a m e n t s ,  N i  m a t r i x )  was used 
as a model two-phase composi te  system. Composi t ional  changes and decrease i n  
f i l a m e n t  volume f r a c t i o n  w i t h  exposure  time a t  1323 K and 1418 K were calculated 
f o r  compos i t e s  c o n t a i n i n g  i n i t i a l l y  d i f f e r e n t  f i l a m e n t  volume f r a c t i o n s  and 
f i l a m e n t s  of  d i f f e r e n t  diameters. Two d i f f e r e n t  methods,  s u p e r p o s i t i o n  and sym- 
metry p o i n t  a n a l y s i s ,  were used  t o  c a l c u l a t e  c o m p o s i t i o n a l  changes between first 
and second n e a r e s t  ne ighbor  f i l a m e n t s .  Both methods gave e s s e n t i a l l y  t h e  same 
r e s u l t s  f o r  s h o r t  exposure times o r  low degrees o f  f i l a m e n t - f i l a m e n t  i n t e r a c t i o n .  
However, f o r  exposure  c o n d i t i o n s  which r e s u l t e d  i n  h i g h  degrees o f  i n t e r a c t i o n ,  
s u p e r p o s i t i o n  p r e d i c t e d  t o o  grea t  a s h i f t  o f  t h e  t u n g s t e n - n i c k e l  i n t e r f a c e  and 
c o n c e n t r a t i o n s  i n  t he  m a t r i x  i n  e x c e s s  o f  t h e  t h e o r e t i c a l  s o l u b i l i t y  l i m i t  f o r  
t u n g s t e n  i n  n i c k e l .  These e r r o r s  occur red  because  s u p e r p o s i t i o n  d i d  n o t  take 
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i n t o  accoun t  any f i l a m e n t - f i l a m e n t  i n t e r a c t i o n .  Symmetry p o i n t  a n a l y s i s ,  how- 
e v e r ,  d i d  accoun t  f o r  i n t e r a c t i o n  and gave a more a c c u r a t e  estimate o f  composi- 
t i o n  v a r i a t i o n  between f i l a m e n t s  and t h e  d i s t a n c e  t h e  i n t e r f a c e  moved. 
C a l c u l a t i o n s  were performed t o  de t e rmine  the  a v e r a g e  change i n  f i l a m e n t  
volume f r a c t i o n  w i t h  exposure  t i m e  f o r  composi tes  c o n t a i n i n g  i n i t i a l l y  d i f f e r e n t  
f i l a m e n t  volume . f r a c t i o n s  and f i l a m e n t  diameters. For  these c a l c u l a t i o n s ,  each 
composi te  was treated as a c y l i n d r i c a l  volume element  hav ing  the  same i n i t i a l  
f i l a m e n t  volume f r a c t i o n  as t h a t  o f  t h e  composi te .  R e s u l t s  f o r  t u n g s t e n - n i c k e l  
( W - N i l  composi tes  exposed a t  1323 K and 1418 K showed t h a t  t empera tu re  was more 
impor t an t  i n  c o n t r o l l i n g  the  rates o f  decrease o f  f i l a m e n t  volume f r a c t i o n  w i t h  
exposure time t h a n  e i the r  t h e  d i f f e r e n c e s  i n  i n i t i a l  f i l a m e n t  volume f r a c t i o n  
o r  d i f f e r e n c e s  i n  i n i t i a l  f i l a m e n t  diameter. The i n i t i a l  f i l a m e n t  volume frac- 
t i o n  affected the  ra te  o f  i n t e r a c t i o n  o n l y  f o r  exposure times long  enough t o  
g i v e  r i s e  t o  s i g n i f i c a n t  f i l a m e n t - f i l a m e n t  i n t e r a c t i o n .  The i n i t i a l  f i l a m e n t  
diameter, however, had a s t r o n g  e f fec t  on t h e  i n i t i a l  r a te  o f  decrease o f  f i l a -  
ment volume f r a c t i o n  bu t  became less i m p o r t a n t  as homogenization proceeded.  The 
r e l a t i v e  importance o f  each o f  these  v a r i a b l e s  can be c a l c u l a t e d  f o r  any two- 
phase b i n a r y  a l l o y  composi te  by t h e  a n a l y s i s  developed i n  t h i s  p a p e r .  
Langley Research Center  
N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Hampton, V A  23665 
October  5 ,  1976 
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Figure  2.- Schematic c r o s s  s e c t i o n  of d i f f u s e d  two-phase composi te  showing 
f i l amen t -ma t r ix  i n t e r f a c e  and d e f i n i t i o n  o f  parameters used i n  f i n i t e -  
d i f f e r e n c e  a n a l y s i s .  
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Figure 3.- Comparison of c a l c u l a t e d  and experimental  i n t e r f a c e  migration d a t a  
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F i g u r e  4.- C o n c e n t r a t i o n  p r o f i l e s  f o r  s i n g l e  W f i l a m e n t  embedded 
i n  N i  m a t r i x  and exposed a t  1418 K .  
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Figure 5.- Idealized arrangement of filaments in 
metal-matrix composite. 
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Figure  9.-  Concen t ra t ion  p r o f i l e s  between second n e a r e s t  
ne ighbor  f i l a m e n t s  c a l c u l a t e d  by symmetry p o i n t  a n a l y s i s  
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F i g u r e  10.- Comparison o f  second n e a r e s t  ne ighbor  p r o f i l e s  c a l c u l a t e d  
by s u p e r p o s i t i o n  and symmetry p o i n t  a n a l y s i s  f o r  W-Ni composi te  
(Vf". = 0.40) exposed a t  1418 K f o r  200 h o u r s .  
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( a )  I n i t i a l  f i l a m e n t  volume f r a c t i o n  0.23. 
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( b )  I n i t i a l  f i l a m e n t  volume f r a c t i o n  0 .40 .  
F i g u r e  11.- C o n c e n t r a t i o n  p r o f i l e s  between f irst  n e a r e s t  neighbor  
f i l a m e n t s  f o r  W - N i  compos i t e s  exposed a t  1418 K .  
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Figure  12.- Comparison o f  c o n c e n t r a t i o n  p r o f i l e s  between first n e a r e s t  
ne ighbor  f i l a m e n t s  f o r  W-Ni composi te  (Vof 0.40) exposed a t  1323 K 
and 1418 K f o r  200 hours .  
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F i g u r e  13.- Comparison o f  volume f r a c t i o n  decrease c u r v e s  f o r  three 
d i f f e r e n t  diameter m a t r i x  r e g i o n s  s u r r o u n d i n g  same s i z e  f i l a m e n t  
i n  W - N i  composi te  (vof = 0.40 exposed a t  1418 K .  1 
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Figure  14.- S h i f t  of W-Ni  i n t e r f a c e  and change i n  f i l a m e n t  
volume f r a c t i o n  w i t h  exposure  time a t  1323 K and 1418 K 
for  rf = 50 v m .  0 
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( a )  I n i t i a l  f i l a m e n t  volume f r a c t i o n  0 . 4 4 .  (b) I n i t i a l  f i l a m e n t  volume f r a c t i o n  0.25. 
Figure 15.- Decrease i n  normalized f i l a m e n t  volume f r a c t i o n  w i t h  exposure time a t  1418 K 
f o r  W - N i  composites c o n t a i n i n g  d i f f e r e n t  diameter f i l a m e n t s .  
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